Picosecond X-ray absorption spectroscopy (XAS) is used to investigate the electronic and structural dynamics initiated by plasmon excitation of 1.8 nm diameter Au nanoparticles (NPs) functionalised with 1-hexanethiol. We show that 100 ps after photoexcitation the transient XAS spectrum is consistent with an 8% expansion of the Au-Au bond length and a large increase in disorder associated with melting of the NPs. Recovery of the ground state occurs with a time constant of B1.8 ns, arising from thermalisation with the environment. Simulations reveal that the transient spectrum exhibits no signature of charge separation at 100 ps and allows us to estimate an upper limit for the quantum yield (QY) of this process to be o0.1.
Introduction
The surface of a catalyst is required to promote the formation of intermediate species that exhibits moderate stability. In this respect the chemical inertness of gold (Au) would appear to render it unsuitable for catalysis. 1 Indeed, bulk Au adsorbs neither hydrogen nor oxygen to any significant extent at ambient temperatures and it is therefore unable to act as a hydrogenation or oxidation catalyst. However, distinct from its bulk properties, Au nanoparticles (especially on high surface area oxide supports [2] [3] [4] [5] ) possess remarkable catalytic properties in both the gas and liquid phases. This has led to them becoming a central focus of heterogeneous catalytic research 6 with a wide range of applications in photocatalysis, [7] [8] [9] pollution control, 10, 11 sensors and fuel cell technology, 12, 13 and biomedicine. [14] [15] [16] In addition, because the surfaces of Au nanoparticles (NPs) can be easily functionalised with various organic and biomolecular ligands, there has also been extensive research into capped Au NPs with a particular focus upon biomedical applications. [17] [18] [19] Central to their applications in photocatalysis is the surface plasmon resonance (SPR) exhibited by Au NPs. This collective resonant oscillation of the outer electrons has a good overlap with the solar spectrum making Au NPs very effective sun light absorbers. 20 In conjunction with their chemical stability arising from the d 10 electronic configuration, Au NPs are strong candidates as sensitisers for metal oxides, such as TiO 2 . Indeed, Au-sensitised TiO 2 NPs were recently used to significantly enhance the efficiency of the water splitting process, 21, 22 first reported by Fujishima. 23 However, despite this success the mechanism(s) behind the energy transfer from the metal to the semiconductor NPs is not completely understood. The most likely mechanism is that the energy is transferred via coupling of hot electrons on the surface of the Au NP to the TiO 2 substrate. This leads to electrons being injected into the conduction band, initiating the catalysis. 24, 25 Charge separation following photoexcitation of the plasmon resonance has also been predicted in the absence of a semiconductor substrate for functionalised Au NPs 26 and other noble metal NPs. 27, 28 Recently, Aprile et al. 26 studied the charge separation in 5 nm Au NPs stabilised by hexanethiol, octadecanethiol or dodecanethiol. They reported that laser excitation of Au NPs leads to electron ejection into the environment, with the lifetime of this charge separation state extending to milliseconds. However, they found that this process was strongly dependent on both the polarity of the medium, which stabilises the ejected electron, and the length of the long alkyl chains that inhibits the recombination of the electrons. These studies highlight that for developing possible applications it is important to understand the response of SPR-excited Au NPs, which can be qualitatively described as follows. Upon excitation, the energy of light is efficiently transferred to the electrons, which gives rise to excited electrons often described in terms of electronic temperature. The relaxation processes start to thermalise the electrons via electron-electron scattering and electron scattering with the surface. This thermalization process occurs in a few hundreds of femtoseconds. 29, 30 The second relaxation step is energy transfer to the lattice, via the electron-phonon coupling, resulting in a large temperature jump of the lattice. 31, 32 These temporal evolutions of the electronic and lattice temperatures are generally described using the two-temperature model. 33 The final step is energy transfer to the surrounding matrix. This process corresponds to the heat transfer from the metal particles to the environment, whose rate exhibits a strong dependence on the size of the nanoparticle 34, 35 and the thermal conductivity of the surrounding medium. 36 The structural dynamics of the Au NPs following energy transfer from the electronic subsystem to the lattice has been studied by Plech et al. 37 using time-resolved X-ray diffraction.
They found that at lower excitation power the initial lattice heating is followed by cooling on the nanosecond time scale. They also reported that the expansion of the lattice increased linearly with excitation power, up to an excitation power corresponding to a lattice temperature increase of 529 K. At higher temperatures the Bragg peaks were lost as pre-melting of the NPs broke the long-range order. At the bulk melting temperature, complete melting occurs within the first 100 ps after laser excitation. Recently, Ruan et al. 38 used ultrafast electron crystallography to study size-selected Au NPs (2-20 nm) supported on a self-assembled molecular interface. They reported size-dependent effects on the maximum change in the bond lengths, which was B6% at 2 nm and 3.5% at 20 nm, corresponding to a laser fluence of 75 mJ cm
À2
, which is above the melting threshold. Interestingly, they also reported a strong variance of the maximum bond length change with the fluence as a function of size. For instance, at 31 mJ cm À2 and 75 mJ cm
the structural change in the 20 nm nanoparticle was the same, however, this significantly differed for the 2 nm nanoparticle implying that melting occurs only in the latter and strongly suggesting that the size plays a significant role in the thermodynamics of the NP.
34,35
The studies described above highlight that for describing the catalytic activity of gold, a detailed understanding of the interplay of the structural and electronic properties of nanoparticles is important. In this regard, for determining both the local geometric and the electronic structure of Au NPs, timeresolved X-ray absorption spectroscopy (XAS) is ideal 39, 40 since it is element-specific and strongly sensitive to the short-range order within the NPs. Indeed, a number of recent works have highlighted the effectiveness of picosecond XAS applied to study photoinduced dynamics in NPs. [41] [42] [43] [44] Consequently, in this contribution, we report a time-resolved XAS study of the photoexcited dynamics of Au nanoparticles functionalised with hexanethiol chains. By monitoring the temporal evolution of the X-ray absorption near-edge structure (XANES) and using theoretical simulations to analyse the data around the Au-L 3 edge, we demonstrate that an 8% lattice expansion is accompanied by a melting of the nanoparticles. Finally, our transient spectrum exhibits no clear signature for a charge transfer at 100 ps and allows us to estimate an upper limit for the quantum yield (QY) of this process to be o0.1.
Samples, experiments and computations

Samples
Commercially available (Nanopartz Inc.) Au NPs of about 1.8 nm diameter suspended in ethanol were functionalised with hexanethiol chains (C 6 H 14 S). The concentration used in the experiment was about 3 mM, corresponding to an absorption of about 1 OD for the pump wavelength used. Fig. 1 shows the UV-Vis absorption spectrum and a TEM image of the sample prior to the experiment. The SPR of the gold nanoparticles is clearly visible as a peak in the range between 500 and 700 nm.
Laser and synchrotron light
A high repetition-rate picosecond laser system (Duetto from Time-Bandwidth Products AG, 10 ps pulse duration, 260 kHz rep rate, 6.15 W power, 25 mJ per pulse, 532 nm wavelength, focused on a spot size of 150 mm to reach a flux of 110 mJ cm À2 ) Fig. 1 Upper panel: the UV-vis absorption spectrum of the hexanethiol functionalised Au NPs. The cuvette thickness was 1 mm. The SPR of the gold nanoparticles is clearly visible as a peak in the range between 500 and 700 nm. Lower panel: the corresponding TEM image with a resolution bar of 25 nm.
was used to optically pump the AuNPs. The laser pulses were synchronised to the camshaft of the synchrotron to probe the excited sample at short time scales (80 ps time resolution). The liquid jet had a diameter of 1 mm. The flow velocity was about 3 m s À1 : by considering the laser spot size and the repetition rate, it results that each laser shot shone on about 10% of the new sample. Part of the tubes in the liquid jet circuit was put in a sonicator bath to avoid the collapsing of the nanoparticles. The Au-L 3 edge (11.919 keV) was used to monitor the transient behaviour of the AuNP. We used an APD as a detector coupled with an aluminium Soller slit and a Ge filter (80 mm thick). Secondary Al-Ka photons were suppressed by placing 80 mm thick Kapton foil directly in front of the APD. The setup has been thoroughly characterised and described elsewhere. 45 The experiment was performed at the SuperXAS beamline of the Swiss Light Source at PSI, Switzerland.
Computational details
Calculations of the above-edge region of the spectrum were performed using full multiple scattering and a self-consistent field (SCF) potential as implemented within FEFF9. 46 The SCF loop is initialised by the construction of muffin-tin (MT) potentials where the MT-radii are chosen according to the Norman criterion. 47 
48
Due to the limitations of the MT approximation close to the ionisation potential, calculations of the edge region of the spectrum were performed using the finite difference method as implemented within the FDMNES package 49 using a free form SCF potential of radius 7.0 Å around the absorbing atom including scalar relativistic effects. Broadening due to the finite mean-free path of the photoelectron and to the core-hole lifetime were accounted for using an arctangent convolution. 50 The Au NPs used have a diameter of 1.8 nm corresponding to about 250 atoms. This means that 60% of the atoms are at the surface and the remaining 40% are bulk. Consequently, all presented calculations are a linear combination of the spectrum arising from atoms at the surface (Â0.6) and those in the bulk (Â0.4). It was found that the effect of the sulphur atoms added to the surface to mimic the effect of capping of the Au surface by 1-hexanethiol was only small for the ground state spectrum and negligible for the transient spectrum. Therefore, the capping groups were neglected in the calculations. To simulate the charge separated state, only the absorbing atom was placed in an electronically excited electronic configuration (i.e. Au 5d 10 6s 1 -Au 5d 10 6s 0 ). configuration of Au suggests that the white line should in fact be absent. However, for small NPs both the quantum-size and the surface effects (including functionalisation) result in electronic redistribution (e.g., s-d hybridisation in d-band metals). 53 The more intense white line in this case, compared to Au foil 53 therefore reflects an increase in d-hole population arising from hybridisation. The difference X-ray absorption spectrum (i.e. excited minus unexcited) at a time delay of 100 ps is also shown in Fig. 2 (black line) and exhibits changes which correspond to about 4% of the signal intensity. Around the edge a derivative profile is observed implying a red shift of the absorption edge. While shifts of the absorption edge are quite commonly assigned to changes in oxidation state, such shifts are also indicative of bond length changes. The 1/r 2 relationship between the bond length and the edge position 54 means that this red shift likely points to an increase in the Au-Au distance. At higher energies a distinct oscillatory structure is observed in the difference spectrum, from inspection this appears to be out of phase with the features appearing in the ground state spectrum, pointing to a damping in the excited state consistent with an increase in disorder. Fig. 3 shows the temporal evolution of the feature at 11.924 keV. By fitting the kinetic trace we observe a pulsewidth limited signal rise (B80 ps) followed by a recovery of the ground state with a decay constant of 1.8 AE 0.2 ns. This latter timescale is consistent with thermalisation with the environment. 4 Analysis of the spectrum Fig. 4 reproduces the ground state experimental spectrum compared to the spectra simulated using FEFF (blue line) and FDMNES (red line). As the advantage of the latter resides in going beyond the MT approximation for the near-edge structure, the spectral range of this calculation is limited to o11.96 keV. The experimental spectrum exhibits four main features highlighted by the dashed lines. The features occurring at 11.935 keV, just below 11.95 keV and at 11.97 keV, are structural and are principally sensitive to the Au-Au bond distance, while the feature at 11.925 keV corresponds to the white line and therefore reflects the number of d-holes. In the near-edge region, the features appearing in both simulations achieve agreement with the experimental spectrum. We observe, in terms of the spectra intensity, the largest deviation between the experiment and the FEFF simulations, which is expected to be due to the limitations of the MT potential. However, although the agreement is better, deviations are still observed for the FDMNES simulations, especially at around 11.925 keV. Zhang et al. 55 have previously concluded that because S is slightly more electronegative than Au, there is a charge transfer from the surface Au atoms to the S. For particles of B1.6 nm diameter they reported a 11% increase of d-holes compared to bulk Au. Using FDMNES, we found that the addition of alkanethiolate chains to the surface Au atoms did not have a strong effect on the spectra and therefore we expect the difference between the calculated and the experimental spectrum at 11.925 keV is reflecting the fact that the calculations have not captured these charge-transfer effects.
Results
As previously stated, the difference spectrum in Fig. 2 shows that the spectral changes in the above-edge region correspond to a damping of the features in the ground-state spectrum. This would appear to be indicative of a significant increase of disorder expected for the pump fluence used (110 mJ cm À2 ), which is above the threshold fluence for melting of the NPs. Fig. 5 shows the above-edge region of the difference spectrum compared to the calculated difference spectra for three different lattice expansions. Interestingly, besides the feature appearing at 11.94 keV, we observe negligible differences between the simulated spectra for the different lattice expansions. This demonstrates that above-edge transient features are therefore primarily only sensitive to the changes in disorder, i.e. the Debye-Waller factor, rather than the structural changes. Consequently, to extract information about the lattice expansion and electronic structure changes following SPR excitation, we focus upon the analysis of the edge region of the spectrum. Fig. 6a shows a zoom of the edge-region of the difference spectrum compared to the simulated difference spectra for selected lattice expansions. This shows that the best agreement with the experimental spectrum is achieved for a lattice expansion of 8%, corresponding to a bond length change from 2.826 Å to 3.052 Å. This change is large, but consistent with results of Ruan et al., 38 who for laser fluences of 31 mJ cm À2 and 75 mJ cm À2 observed lattice expansions of 1.5% and 6%, respectively. Here, our present laser fluence of 110 mJ cm
À2
, which results in a lattice expansion of 8%, demonstrates that the lattice expansion of Au NPs continues to rise linearly with excitation power above the melting threshold.
It is important to notice that at the high temperature reached by the Au NPs (41500 K), 38 the thiol groups could undergo desorption from the surface, which is expected to occur at about 500 K. 56, 57 However, in this case the ultrafast nature of the heating leads to ballistic energy transfer along the chains. 58 While this significantly increases the disorder of the thiol chains, the Au-S bonds remain intact. This is supported by the recovery of the kinetic trace shown in Fig. 3 . In addition, Plech et al. 37 reported that molten Au NPs undergo some fragmentation, nanoseconds after photoexcitation. In this present study our transient data exhibits no evidence of this, however this is expected because we used much smaller NPs (1.8 nm vs. 100 nm diameter), which favours a faster dissipation of the excess heat. Transient picosecond bleaching, as reported by François et al., 59 should have played a secondary role for the small NPs we used: according to that work, for NPs of comparable size (2.5 nm), the use of much higher fluences was needed to detect bleaching. Finally, the good agreement between the experimental difference spectrum and the simulated spectrum for an 8% lattice expansion (Fig. 6a) suggests that the present difference XAS spectrum does not exhibit any electronic effects, such as charge separation, previously predicted for alkanethiolatecapped Au NPs 26 and for other noble metal NPs. 27, 28 However, this does not exclude the occurrence of such processes, implying that our present spectra might not possess the necessary sensitivity to detect them. Fig. 6b shows the simulated difference spectra (assuming an 8% lattice expansion) combined with a difference spectrum corresponding to a charge separated configuration for different values for the quantum yields. This shows that a quantum yield of o0.1 would not exhibit significant changes on our transient spectra. This puts an upper limit on the magnitude of charge separation, which is consistent with the optical work of Aprile et al., 26 who reported a quantum yield of 0.12. We note here that the quantum yield might have also been influenced by a charge transfer lifetime shorter than the temporal resolution of the experiment (80 ps).
Conclusions
Using picosecond X-ray absorption spectroscopy we have investigated the electronic and structural dynamics following photoexcitation of the SPR of hexanethiol-capped Au nanoparticles. At a time delay of 100 ps, the difference signal exhibits signatures of nanoparticle melting accompanied by a significant lattice expansion. Using first principles simulations, we demonstrated that this corresponds to an B8% expansion of the Au-Au bond length, arising from the anharmonicity of the bonding potential. In conjunction with recent electron diffraction experiments, 38 these results demonstrate that the lattice expansion of Au NPs continues to rise linearly with excitation power above the melting threshold. Besides the lattice expansion, our transient spectrum exhibits no evidence of charge separation. While this has been previously postulated for Au metal NPs, 26 the absence of any effect on the transient X-ray signal enables us to put an upper limit of the quantum yield of charge separation as 0.1 at the time scale of the measurements. 
